We have measured the positions of 74 pulsars from regular timing observations using the Nanshan radio telescope at Urumqi Observatory between 2000 January and 2004 August (MJD 51500 -53240). Proper motions were determined for these pulsars by comparing their current positions with positions given in pulsar catalogues. We compare our results to earlier measurements in the literature and show that, in general, the values agree. New or improved proper motions are obtained for 16 pulsars. The effect of period fluctuations and other timing noise on the determination of pulsar positions is investigated. For our sample, the mean and rms transverse velocities are 443 and 224 km s −1 respectively, agreeing with previous work even though we determine distances using the new NE2001 electron density model.
INTRODUCTION
Most pulsar proper motions have been obtained using interferometric observations (Lyne, Anderson & Salter 1982; Harrison, Lyne & Anderson 1993; Fomalont et al. 1997; Brisken et al. 2003) . However, pulsar timing also allows measurement of very accurate pulsar positions and hence proper motions (Manchester, Taylor & Van 1974; Toscano et al. 1999 ). This method was considered to produce inaccurate results for young pulsars whose timing residuals may be dominated by glitches and timing noise. Recently, Hobbs et al. (2004) showed that with data spanning more than six years it is possible to model the timing noise by fitting harmonically related sinusoids. The spectrum of this timing noise has little power at periods corresponding to one year and so any timing noise can be removed from the timing residuals whilst leaving the signatures of an incorrect position determination or unmodelled proper motion. In this paper, we use the simple method of determining pulsar proper motions by comparing current positions obtained with nearly five years of timing data from the Nanshan radio telescope at Urumqi Observatory in China to earlier catalogued values. Having only five years ⋆ Email: zouwz@ms.xjb.ac.cn of observations means that it is possible to fit just a few harmonically related sinusoids to the data, which in many cases leaves significant structures in the timing residuals after the whitening procedure. We therefore choose to whiten the residuals using polynomials instead of sinusoids. We compare the results from this analysis with published measurements of the proper motions and consider the effects of timing noise in these relatively short data spans.
Proper motion measurements have shown that pulsars are high-velocity celestial objects with typical velocities of several hundred km s −1 (Lyne & Lorimer 1994 ), but it is not clear how the pulsars achieve such large velocities. The exact form of this velocity distribution is also not well understood with Arzoumanian, Chernoff & Cordes (2002) finding evidence for a bimodal distribution, but finding no such evidence. An accurate determination of the proper motions is therefore essential in understanding the velocity distribution. However, the literature contains many examples of inconsistent proper motion and position measurements. For instance Lyne, Anderson & Salter (1982) obtained µα = −102(5) mas yr −1 for the proper moc 0000 RAS tion in right ascension 1 for PSR B1133+16 whereas Brisken (2001) published that µα = −74.0(4) mas yr −1 . Similarly Hobbs et al. (2004) determined a proper motion of µα = −10(12) mas yr −1 for B1552−31 that is inconsistent with the value of 61(19) mas yr −1 given by Brisken et al. (2002) . It is therefore essential to provide many checks on the correctness of existing proper motion values as well as providing new or improved values.
In §2, we briefly describe the observing system at the Nanshan radio telescope. In §3 we present our analysis method and the derived positions and proper motion values. The discussion in §4 is divided into i) an analysis of the effect of timing noise on position determinations, ii) a comparison of our proper motion results with earlier published values, iii) the velocities obtained using our complete sample of proper motions and iv) new and improved proper motions from our work.
OBSERVATIONS AND ANALYSIS
Timing observations of 74 pulsars using the Nanshan 25-m radio telescope operated by the Urumqi Observatory, National Astronomical Observatories of China, have been regularly carried out from 2000 January to 2002 June using a room temperature receiver at 1540 MHz. Since 2002 July, 284 pulsars have been monitored approximately once every nine days using a dual-channel cryogenic system that receives orthogonal linear polarisations at the central observing frequency of 1540 MHz. The pulsars were chosen to be observable from the Observatory (which has a lower declination limit of −43
• ) and to have mean flux densities greater than 0.5 mJy. In this paper, we consider results for the 74 pulsars with mean flux densities larger than 2 mJy and distances within 8.5 kpc over the data span 2000 January to 2004 August.
After down-conversion, the two polarisations are each fed to a filterbank consisting of 128 contiguous channels each of width 2.5 MHz. The signals from each channel are square-law detected, filtered and one-bit sampled at 1 ms intervals using a data acquisition system based on a PC operating under Windows NT (full details of the observing system are provided in Wang et al. 2001) . The data are folded synchronously at the pulsar topocentric period for sub-integration times of between one and four minutes and written to disk. Time-tagging of the pulse integrations is provided by a hydrogen maser clock calibrated using the Global Positioning System (GPS) signals and a latched microsecond counter. Off-line programs sum the orthogonal polarisations and dedisperse the data into eight sub-bands. Observations of a given pulsar typically consist of four subintegrations with observation lengths of between 4 and 16 minutes depending on the flux density of the pulsar. The folded profiles are stored on disk for subsequent processing and analysis.
We use the psrchive software package (Hotan, van Straten & Manchester 2004 ) to obtain the pulse times of arrival (TOAs) from each observation. To do this, the pulse profiles from each integration are crosscorrelated with high signal-to-noise templates to produce topocentric TOAs. These are subsequently processed using the standard timing program tempo 2 with the improved Jet Propulsion Laboratory ephemeris DE405
3 . TOAs are weighted by the inverse square of their uncertainty, with these being scaled (if necessary) so that the fitting routine gives reduced χ 2 values close to 1.0. Uncertainties in the fitted parameters for most pulsars are taken to be twice the standard errors obtained from tempo. However, for pulsars whose timing residuals are dominated by timing noise the uncertainties in the fitted positions are taken to be three times the formal tempo errors. These error estimates are discussed in more detail in §4.
RESULTS
In this paper we present the results from an analysis of TOA data for 74 pulsars. These results include new positions from which we determine proper motions and velocities. For each of the 74 pulsars, the position was measured by setting the reference epoch of the timing model to an integral MJD near the centre of the data span. We fit the pulsar position, rotational frequency and its first derivative. For pulsars whose timing residuals are dominated by timing noise we fit multiple frequency derivatives to model and hence effectively remove the timing noise. For instance, Figure 1 plots the postfit timing residuals for PSRs J0139+5814 and J1709−1640 after fitting for the rotational frequency and its first derivative and after fitting multiple frequency derivatives. Among the 74 pulsars, the residuals of 26 are dominated by timing noise and ten glitches in total were found in five pulsars. Some timing results were described by Zou et al. (2004) and others will be reported in a subsequent paper. The typical post-fit residuals of the 74 pulsars are several hundred µs. All of the pulsars in our sample are solitary and none are millisecond pulsars. Most have ages in the range 10 4 −10 7 yr and all are within 9 kpc of the Sun.
In order to obtain proper motions we compared our results with early previously published position estimates. However, the very earliest position estimates often used relatively poor instrumentation and so can have large uncertainties. For each pulsar, we therefore select the earliest available position estimate that has an uncertainty less than 3 ′′ . For the majority of our pulsars, we obtained these positions from the Taylor, Manchester & Lyne (1993) catalogue. For PSRs B0525+21, B1749−28, B1754−24 and B1821−19 we use positions given by Hobbs et al. (2004) . For most pulsars, the epoch of the positions given by the catalogue is more than ten years earlier than the epoch for our data. The maximum time span is 33 yr. Table 1 gives the pulsar names in J2000 coordinates and B1950 coordinates in the first two columns. The following five columns give, respectively, the epoch of the position measurement, the right ascension and declination from the timing analysis, the number of TOAs in the nearly five-year data set and the time span between the two position determinations. The final four columns refer to the previously Proper motions derived by comparison of the Nanshan timing results with previously published positions for the 74 pulsars as well as the most reliable previously published timing and interferometric proper motions for these pulsars are given in Table 2 . For most of the pulsars in our sample we determine the pulsar distance D, given in the third column of the table, using the dispersion measure and the Cordes & Lazio (2002; hereafter NE2001) Table 1 . If proper motions already exist in the literature, we also provide the most reliable proper motions available from timing (superscript T) and from interferometry (superscript I). All of the timing measurements are from Hobbs et al. (2004) except that for PSR J0738−4042 which is from Siegman et al. (1993) . References for the interferometric proper motions are given in the 11th column. Offsets of µ clearly affected by the presence of timing noise. In this section we attempt to quantify the uncertainty in positions derived from pulsar timing as a function of the amplitude and spectrum of the timing noise and the length of the data span. Timing noise consists of two components: a flat-spectrum or 'white' component, usually dominated by receiver noise, and a steep-spectrum or 'red' component normally dominated by fluctuations in the pulsar spin rate. The red or intrinsic component is generally larger in young pulsars and is often quantified by the stability parameter as
where ν = 1/P andν is its second time derivative and t = 10 8 s (Arzoumanian et al. 1994 ). These authors show that ∆8 is approximately proportional toṖ 1/2 , whereṖ is the first time-derivative of the pulsar period. Timing noise can also be characterised by the power spectrum of the timing residuals S(ν) ∼ ν α , where α = −2 if the noise results from a random walk in pulse phase, α = −4 for frequency noise and α = −6 for slowing down noise (Boynton et al. 1972; Groth 1975) . However, more recent work (D'Alessandro, Deshpande & McCulloch 1997) has shown that the power-law spectra are often complex with several power-law segments.
We investigate the effect of timing noise on position determinations by simulating pulse TOAs containing a mixture of white and red noise using the tempo2 software package (Hobbs, Edwards & Manchester 2005) . The red noise has a spectral index α = −3 chosen to give an approximate representation of the timing noise seen in our residuals (α = 0 for white noise). TOAs were computed for data spans (T ) of 2, 3, 5, 10 and 20 years at 10-day intervals and adjusted so that the residuals matched the desired noise model. This process was repeated to give 100 sets of TOAs for each of the five data spans. Figure 2 shows the distribution of offsets of the right ascension obtained from the timing fit compared to the nominal value for data sets dominated by white noise (a) and red noise (b). Figure 2a shows that for white noise the error in the timing position decreases with Arzoumanian et al., 1994 ; (3) Johnston et al., 1995; (4) Manchester et al., 1996 . (5) Hobbs et al., 2004. increasing data span, approximately proportional to T −1/2 as expected. Furthermore, the standard deviation given by tempo accurately represents the uncertainty, with 68% of offsets within ±1σ. Figure 2b shows that, for red noise, the tempo standard deviation greatly under-estimates the actual scatter, especially for short data spans, and that it doesn't decrease as expected with increasing data span. For a timespan of 5 years, only 27% of the offsets are within ±1σ of the tempo solution.
For the five-year data span relevant to the present observations, we plot in Figure 3 an error factor, defined as the rms scatter of the points in Figure 2b divided by the (14) 1 (14) 30 (14) 18 ( tempo standard deviation, versus the ∆8 parameter. Typically, the range of ∆8 represented by the 74 pulsars in the sample is between −3.8 and 0, and the mean value of ∆8 is −2.2. The precise shape of the error factor curve depends on the whitening procedure, the power-law slope, the typical TOA uncertainties and systematic effects that may exist in the real data.
To confirm the results of these simulations, we analysed data for two pulsars with long data spans supplied to us from Jodrell Bank Observatory. Details of the data acqui- Correction factor Stability ∆ 8 Figure 3 . The multiplicative factor required for the tempo uncertainties to equal the true uncertainties for different amounts of timing noise. Each point is obtained from 100 simulations of 5 year data sets with TOA uncertainties of 0.5 ms.
sition and analysis systems are given by Hobbs et al. (2004) . We first analyse a 20-year data set for PSR B0320+39 which contains little or no red timing noise. We select different data spans that are centred on MJD 49290 and fit for the pulsar position, setting the proper motion to the interferometric value. Right ascension offsets relative to the value from the full data span and their uncertainties as estimated by tempo are shown in Figure 4a . Results of a similar analysis using a 35-year data set for PSR B1133+16, which shows a moderate amount of timing noise, are shown in Figure 4b . In line with common practice, higher-order frequency-derivative terms were used to whiten (i.e., absorb the red noise) from the final residuals when fitting for the position. Figure 4a confirms that tempo standard deviations are realistic error estimates for a pulsar with little or no red timing noise for either short or long data spans. Figure 4b further illustrates that for noisy pulsars, data spans in excess of about 20 years are necessary for reliable position estimates and that tempo errors underestimate the true uncertainty by about a factor of two for data spans of the order of five years.
Consistent with these results, for the Nanshan timing positions in Table 1 we have adopted an uncertainty of twice the formal tempo standard deviation for pulsars that show little timing noise (∆8 < −1.8), whereas for pulsars with ∆8 > −1.8 we multiply the formal errors by three.
Comparison of derived proper motions
Values of ǫα and ǫ δ given in Table 2 show that, with a few exceptions, the proper motions derived by comparison of Nanshan timing positions with previously catalogued positions agree well with the best independently derived proper motions. This is further illustrated in Figure 5 which shows the distribution of (a) ǫα and (b) ǫ δ values. These plots exclude PSR B0736−40; see below for a discussion of this pulsar. These distributions are close to Gaussian -63% of the derived proper motions in right ascension lie within 1σ, 92% within 2σ and 99% within 3σ of the independent results -showing that error estimates are realistic. Similar results are obtained for declination where 63% are within 1σ, 92% within 2σ and 97% within 3σ.
However, there are a few conspicuous outlying points. For PSR B0736−40, the scaled offsets ǫα and ǫ δ are very large, 11.9 and 5.5 respectively (Table 2) . To derive the proper motion, the Nanshan timing position was compared with the timing position given by Downs & Reichley (1983) to give µα = −48(2) and µ δ = 35(2) mas yr −1 . The ǫ values are based on comparison of these proper motions with the Brisken et al. (2003) interferometric proper motions given in Table 2 : µα = −14.0(12) and µ δ = 13(2) mas yr −1 . Downs & Reichley (1983) independently determined a proper motion from their timing data: µα = −56(9) and µ δ = 46(8) mas yr −1 , and Siegman, Manchester & Durdin (1993) compared their Molonglo timing position with the Downs & Reichley (1983) position to obtain µα = −60(10) and µ δ = 40(10) mas yr −1 (Table 2) . For this pulsar it is possible to solve for a proper motion using the Nanshan timing data alone, giving µα = −51(22) and µ δ = 6(24) mas yr −1 . Although not fully independent, all of these timing-based proper motions are in reasonable agreement with each other. An independent interferometric posi- tion was obtained by Fomalont et al. (1997) : µα = −57(7) and µ δ = −21(11) mas yr −1 . In right ascension this measurement agrees well with the timing results but it disagrees with the Brisken et al. (2003) value. In declination, it is discrepant with all previous measurements. This pulsar is near the southern horizon for northern interferometer systems and corrections for ionospheric refraction are large and rather uncertain. We conclude that the timing results are probably more reliable, but this remains to be confirmed by future measurements.
The proper motion estimates in right ascension and declination for PSR B2011+38 are also discrepant with previous work. With the large estimated distance to this pulsar of over 8 kpc our proper motion indicates an anomalously high transverse velocity > 4000 km s −1 . If we compare our position determination with that obtained by Hobbs et al. (2004) we obtain µα = −28(17) and µ δ = −30(15) mas yr −1 using the shorter 7-year baseline, but more precise position estimate. These values are consistent with previous estimates of the pulsar's proper motion and we therefore conclude that the uncertainty in the catalogue position was significantly underestimated.
Pulsar velocities
The two-dimensional or transverse velocity is given by VT = 4.74µtotD km s −1 , where µtot is the total proper motion in mas yr −1 and D the distance in kpc. Figure 6 shows a histogram of the derived velocities (listed in Table 2 ), omitting the anomalously high velocity for PSR B2011+38 mentioned above and values which have an uncertainty of more than 2000 km s −1 . This histogram has a similar form to earlier work. The mean and rms velocities of the sample are 443 km s −1 and 224 km s −1 , similar to those given by Lyne & Lorimer (1994) (although these authors used the earlier Taylor & Cordes electron density model) and the new results by . The velocity distribution of our sample favours a single-component Gaussian velocity model, as displayed by the dotted line in Figure 6 , which is compatible with that of Lyne & Lorimer (1994) and . PSR J1721−3532 has a very high indicated velocity (7200 km s −1 ). While this is only a 3σ result, such a high velocity would be unique were it real. However, this result is more likely to result from a significant under-estimate of position uncertainties or an over-estimate of the pulsar distance.
The motion of these pulsars in the Galactic plane is shown in Figure 7 where the length of the tracks indicate the pulsar velocities. This figure confirms that most pulsars are migrating from the Galactic plane (Gunn & Ostriker 1970) and only a few of them are moving towards the plane (Harrison, Lyne & Anderson 1993; Lyne, Anderson & Salter 1982) . However, for the majority of these pulsars, more precise proper motions already exist in the literature. We also note that to make a full study of the pulsar space velocities, it is essential to consider selection effects (Hansen & Phinney 1997; Arzoumanian, Chernoff & Cordes 2002) . For instance, the Nanshan telescope only observed relatively bright pulsars in the the last few years and so high-velocity pulsars at large z-distances may have been missed (Caraveo 1993; Frail, Goss & Whiteoak 1994) . We therefore do not discuss the velocity distribution in detail and conclude this Section by discussing the new and improved proper motions from our sample.
New and improved proper motions
In Table 3 we list the nine pulsars for which we provide new proper motions (upper part of the table) and a further seven where our results are more precise than previous measurements. Besides the proper motions and distances repeated from Table 2 , the 1-D velocities determined from V1D = 4.74µD where µ is the proper motion in right ascension or declination, their characteristic age τc = P/(2Ṗ ) and surface dipole magnetic field strength Bs = 3.2 × 10 19 (PṖ ) 1/2 G are listed. The velocity uncertainties are determined solely from the uncertainties in the proper motion estimates and Table 1 and the length of the vector represents the total proper motion. The effects of Galactic rotation and the unknown pulsar radial velocities have not been taken into account.
do not include any contribution from the distance estimates. For PSRs B0736−40 and B0844−35 these distances have decreased by factors of 4.2 and 2.6 respectively with the new NE2001 distance model compared to the Taylor & Cordes (1993) model, significantly reducing the velocity estimates for these pulsars. Some of the derived velocities are very large, but in all cases, they are also very uncertain. Proper motion measurements for these relatively distant pulsars are difficult and more realistic velocity estimates await improved measurements.
CONCLUSION
We have presented new position and proper motion determinations for 74 pulsars based on five years of timing observations at the Nanshan radio telescope of Urumqi Observatory. New or improved measurements are presented for 16 of these pulsars. It has long been known that the formal uncertainties given by the standard pulsar timing package tempo are often underestimated. Using realistic simulations of pulsar timing noise we show that the uncertainties in position estimates given by tempo should typically be increased by a factor of 2 -3.
The Nanshan radio telescope is continuing to observe these and other pulsars. Over the next few years the uncertainties in the positions and hence the errors in their proper motions should be significantly reduced. The data set will also prove valuable in the study of glitches and timing noise. 
